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EOD recordings. Differential recording of the fish's EOD and determination of the 88 frequency of the signal were performed as described previously (Gama Salgado and Zupanc 89 2011). The EOD frequency was adjusted to an ambient temperature of 26°C using a Q 10 of 1.56 90 (Zupanc et al. 2003) . 91
Treatment with β-estradiol. Under general anesthesia with 2% ethyl carbamate (urethane; 92 Sigma) dissolved in aquarium water, fish were implanted with fine bore nylon tubing (flexible 93 grade; length = 6 mm; outer diameter = 0.94 mm; inner diameter = 0.75 mm; Smith Medical 94 International), packed with β-estradiol powder (Sigma-Aldrich). Implants were placed in the 95 peritoneal cavity, and the wound was closed with Histoacryl Blue Topical Skin Adhesive (B. 96
Braun Melsungen). Control fish received empty implants. 97
Proteins Mediating a Sexually Dimorphic Behavior -Page 8 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 temperature of 26°C demonstrated a distinct sexual dimorphism in the frequency of the electric 151 discharges (Fig. 1A) . Whereas the mean EOD frequency of males was 879 Hz (median: 892 Hz; 152 range: 704-987 Hz; n = 35 fish), the mean frequency of females was 737 Hz (median: 737 Hz; 153 range: 671-809 Hz; n = 48 fish). This difference was highly significant (p < 0.0001; independent-154 samples t-test). 155
Effect of β-estradiol on EOD frequency. Next, we experimentally manipulated the EOD 156 frequency of both males and females by intraperitoneal implantation of tubings filled with β-157 estradiol, and we compared the changes in EOD frequency of these fish with the changes in 158 frequency of control fish that had received empty implants. Administration of β-estradiol 159 resulted in a gradual decrease of the EOD frequency in each of the fish examined (Fig. 1B) . 160
Eight days after the implantation, the frequency of β-estradiol-treated fish was on average 94 ± 161 23 Hz lower than the pre-implantation baseline (p < 0.001; Z-test, Bonferroni correction for 162 multiple comparisons; n = 14 fish). In all treated fish, both male and female, the observed 163 frequency decrease was proportional to the baseline EOD frequency, with higher-frequency 164
EODs showing larger reductions (Pearson's ρ = 0.69, p < 0.01). By contrast, the EOD frequency 165 of control fish did not exhibit any marked decrease beyond the initial effect of the implantation 166 (Fig. 1B) . Similar changes in the EOD frequency of control fish were reported previously (e.g., 167 Meyer et al. 1987) , and are likely due to the traumatic effects of the implant surgery. Eight days 168 after implantation, the frequency of control fish was on average 23 ± 16 Hz lower than the 169 baseline (n = 17 fish), a significantly smaller effect than that observed in β-estradiol-treated fish Behavior -Page 9 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 Protein expression profiles in the Pn: differences between β-estradiol-treated fish and 172 controls. Eight days after the implantation of β-estradiol-filled or empty tubings, tissue was 173 collected from whole pacemaker nuclei and processed for 2-D DIGE. An average number of 174 3248 ± 199 and 3006 ± 160 protein spots were detected in the gels run on the cytosolic and 175 membrane fractions, respectively. A total of 1145 and 819 spots were matched across the three 176 2-D gels of the cytosolic and membrane fractions, respectively. In the cytosolic fraction, out of 177 the 1145 protein spots, the standardized protein abundances of 14 spots (1.2% of total) were 178 significantly increased by a factor of at least 1.5 in the Pn of β-estradiol-treated fish relative to 179 the Pn of control fish, whereas the abundances of 10 spots (0.9%) were significantly reduced by 180 a factor of at least 1.5 (p < 0.05, independent-samples t-test). In the membrane fraction, out of 181 the 819 protein spots, the standardized protein abundances of 38 spots (4.6%) were significantly 182 reduced by a factor of at least 1.5 (p < 0 .05) in the Pn of β-estradiol-treated fish relative to the 183 Pn of control fish, while none of the protein spots showing significantly increased abundances 184 reached the 1.5-fold threshold ( Fig. 2A) . The protein spots displaying these differences were 185 located throughout the 2-D gels, thus covering both small and large molecular weight domains, 186 as well as the entire pI range analyzed. 187
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Identification of differentially expressed proteins. Out of the 62 protein spots that 188 exhibited significant changes in abundance of more than 1.5-fold in either the cytosolic or the 189 membrane fraction, the proteins associated with 20 spots could be identified via PMF and/or 190 MS/MS (Table 1 ; Fig. 2B ,C). The following proteins showed an increase in abundance: fatty 191 acid binding protein 11a (1 spot); GFAP (1 spot); NADH dehydrogenase (ubiquinone) Fe-SProteins Mediating a Sexually Dimorphic Behavior -Page 10 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 protein 1 (1 spot); pyruvate kinase isozymes M1/M2 (1 spot). File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 dimorphic trait in adults, we hypothesized that the expression of GFAP in the Pn is higher in 214 females than in males. In agreement with this hypothesis, confocal microscopy revealed 215 numerous intensely labeled fibers in females (Fig. 3A) , but fewer fibers and a lower labeling 216 intensity in males (Fig. 3B) . The total GFAP labeling (defined as the relative area 217 immunostained, multiplied by the average labeling intensity after background correction) in the 218 whole Pn was almost twice as high in females, compared to males (p < 0.05, independent-219 samples t-test; n = 3 males and 3 females; Fig. 3C left) . 220
Next, we examined possible differences in the association between GFAP-labeled fibers 221 and neurons in the Pn, identified by immunostaining against Hu C/D. The total GFAP labeling 222 associated with the area covered by pacemaker and relay cells was significantly higher in 223 females than in males (p < 0.001; Fig. 3C right) . Similarly, the total GFAP labeling associated 224 with the area covered by small interneurons (Turner and Moroz 1995) was higher in females than 225 in males, but this difference was not significant (p > 0.10; Fig 3C middle) . 226
Differences between males and females in connexin-43 expression associated with 227
GFAP-labeled astrocytes. To further characterize the glial meshwork in which the pacemaker 228 and relay cells are embedded, sections through the Pn were immunostained against connexin-43, 229 a member of the connexin family of transmembrane gap junction proteins. Glia, and in particular 230 astrocytes, have been found to express high levels of connexins, which play a critical role in the 231 formation of a glial syncytium (Giaume and Liu 2012). Indeed, an abundance of punctate, 232 plaque-like connexin-43 immunofluorescence was found in close proximity to GFAP-labeled 233
fibers (Figs. 4A-A"). The relative area covered by connexin-43 immunoreactivity in a 20-μm
Proteins Mediating a Sexually Dimorphic Behavior -Page 12 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 thick annular region around the Hu C/D-immunolabeled pacemaker cells was almost 3-fold 235 larger in females than in males (p < 0.01, independent-samples t-test; n = 4 males and 4 females; 236
Figs. 4B, B', C). The connexin-43-labeled area around relay cells was also increased in females, 237 relative to males, but this difference was not significant (p > 0.10). 238
239

DISCUSSION 240
Proteomics approach to study the development of a sexually dimorphic behavior. A 241 better understanding of how sexually dimorphic behaviors develop demands an integrative 242 strategy, combining behavioral studies with investigations at the cellular and molecular levels 243 (Zupanc 2010). Whereas significant progress has been made over the past few decades at the 244 behavioral, endocrinological and, partly, cellular levels (Cooke et. al. 1998) , the molecular basis 245 of sexually dimorphic behaviors remains largely enigmatic. Here, we have -to our knowledge 246 for the first time -employed proteomics to carry out an unbiased large-scale identification of 247 proteins potentially involved in the development of the neural correlates underlying sexual 248 dimorphism in a specific behavioral pattern. The present study serves as proof-of-principle that 249 proteomic analysis represents a powerful method for future investigations that aim to explore the 250 neural basis of behavioral plasticity. 251
Potential candidates involved in the development of sex differences in EOD frequency, as 252
revealed through proteomic analysis. Proteomic analysis, combined with PMF and/or MS/MS, 253 enabled us to identify the proteins associated with 20 spots whose abundance was significantly 254 altered by a factor of at least 1.5 after implantation of β-estradiol. Several of these proteins, Behavior -Page 13 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 including protein phosphatase 2, plastin-2, stathmin 1b, internexin alpha and alpha b, fascin, and 256 beta-actin-1, indicate potential changes in the morphology of cells. If such structural changes 257 indeed occur, they should be accompanied by an increase in energy demand and higher 258 metabolic activity after β-estradiol administration -proposed changes that appear to be 259 reflected by the elevated levels of NADH dehydrogenase FeS protein 1, pyruvate kinase 260 isoenzymes M1/M2, and fatty acid binding protein 11a. We examined whether the structural 261 changes indicated by proteomics analysis result in sexual dimorphism in the size of the Pn, or in 262 the number and gross morphology of the pacemaker and relay cells, but we failed to detect any 263 significant differences between males and females. We, therefore, hypothesize that, if structural 264 changes indeed occur, they involve either a reorganization of neurons at the axonal and dendritic 265 levels, or structural changes of non-neuronal cells. The latter hypothesis is consistent with the 266 observed increase in GFAP abundance after β-estradiol treatment, possibly reflecting the 267 generation of new glial cells, or the outgrowth of the existing glia. The proposed functional 268 significance of such a remodeling of glia for the firing pattern of the neuronal network of the Pn 269 is discussed in the next section. 270
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The decrease in the abundance of glutamine synthetase after β-estradiol administration, as 271 also revealed through proteomic analysis, could indicate a decrease in synaptically released 272 glutamate -an interpretation that is consistent with the observed reduced abundance of vesicle-273 fusing ATPase. These changes are likely related to a second sexual dimorphism in the EOD of A. 274 leptorhynchus. When subjected to sensory stimulation with the EOD of a neighboring fish, 275 whose discharge frequency is similar to their own, males respond with the production of (last modification: 21-Jan-2014; printed: 21-Jan-14 higher in females than in males. Notably, this effect did not extend to the third neuronal type in 298 the Pn, the small interneurons. 299
Confocal images showed that both pacemaker and relay cells are embedded in a dense 300 meshwork of GFAP-expressing astrocytes, which form a gap-junction-coupled syncytium 
Potassium buffering by glia is a well-documented phenomenon (Kofaji and Newman 317
Proteins Mediating a Sexually Dimorphic Behavior -Page 16 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 oscillatory networks has, to the best of our knowledge, never been examined. However, 319 computer simulations of neuron-glia interactions mediated by ion flux have indicated that the 320 firing pattern of tonically stimulated neurons can be altered by modifying the properties of 321 adjacent astrocytes, including the density of specific types of membrane channels (Somjen et al. File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 aspartate (NMDA) receptor-dependent plasticity (George et al. 2011) . NMDA receptors 340 expressed on relay cells are activated by glutamatergic input from the sublemniscal 341 prepacemaker nucleus in the mesencephalon, mediating transient upward shifts by a few hertz of 342 the pacemaker frequency. 343
The complexity of the discussed phenomenon clearly indicates that future investigations 344 in this area will require a multidisciplinary approach, combining molecular, cellular, 345 physiological, behavioral, and computational modeling experiments. By identifying the essential 346 players in this process, and by dissecting the underlying mechanisms, the study of the Pn will 347 provide an excellent opportunity to achieve a better understanding of the possible role of glia in 348 the regulation of the activity of oscillatory neural networks, with implications that could reach 349 significantly beyond the attempt to gain a better understanding of the structure and function of 350 the Pn. 351
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Whiskers mark the minimum and maximum values in each group, and boxes indicate the 524 interquartile ranges. Middle lines denote medians. The difference in the EOD frequency between 525 males and females is highly significant (***; p < 0.0001). The inset shows the trace of an EOD 526 signal. B: Effect of β-estradiol on the EOD frequency of Apteronotus leptorhynchus. The EOD 527 frequency was determined on 7 consecutive days before the operation (days -6 through 0) and on 528 8 days following the surgery (days 1 through 8). Fish received implants with (circles; n = 14) or 529 without (triangles; n = 17) β-estradiol immediately following the measurement of the EOD 530 frequency on day 0 (indicated by arrow). For each fish, the changes in EOD frequency were 531 quantified relative to its average frequency over the 7-day pre-implantation period. The dashed 532 line indicates no change from this baseline. Starting with day 4 after the implantation, the EOD 533 frequencies of the β-estradiol-treated fish were significantly different from the discharge 534 frequencies of the controls (***; p < 0.001, Bonferroni corrected) as well as from the pre-535 implantation frequencies (p < 0.001). 536 537 Fig. 2 . Analysis of the protein spots that displayed significant increases or decreases in 538 abundance in the Pn of β-estradiol-treated fish, compared to controls. The scatter plots show fold 539 change versus statistical significance (p-value, independent-samples t-test) based on protein Behavior -Page 27 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 maps from the cytosolic and membrane fractions (A). Horizontal dashed lines indicate the +1.5-541 fold and -1.5-fold thresholds. The vertical dashed line marks the 0.05 significance level. Relative 542 to controls, in the Pn of the β-estradiol-treated fish the abundances of 14 protein spots (red) were 543 increased significantly (p < 0.05) more than 1.5-fold in the cytosolic fraction, while none of the 544 protein spots of the membrane fraction met these two criteria. The abundances of 10 and 38 545 protein spots (green) were decreased significantly (p < 0.05) more than 1.5 fold in the cytosolic 546 and membrane fraction, respectively. The middle panels (B) show magnified images of identified 547 protein spots that exhibited significant increases (first row) or decreases (rows 2-5) in abundance 548 in the Pn of β-estradiol-treated fish (Cy5 conjugation, red), compared to controls (Cy3 549 conjugation, green). Protein spot labels correspond to those shown in Table 1 Behavior -Page 28 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 Hu C/D (red) are relay cells and pacemaker cells, respectively. The small immunostained cells 562 are small interneurons. Nuclei were counterstained with DAPI (blue). C: Total GFAP labeling 563 was higher in females (n = 3) than in males (n = 3) in the whole Pn (left; *, p < 0.05), and when 564 associated with the surface area of pacemaker/relay cells (right; ***, p < 0. Proteins Mediating a Sexually Dimorphic Behavior -Page 29 File: 69724_1_art_file_1678306_mzr85r.docx (last modification: 21-Jan-2014; printed: 21-Jan-14 difference was statistically significant only for pacemaker cells (**, p < 0.01; n.s., not 583 significant, p > 0.10). Error bars denote standard errors of the means. 584 
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